We evaluated whether age-and gender-based colorectal cancer screening is cost-effective.
INTRODUCTION
W orldwide, colorectal cancer (CRC) is a leading global burden of disease. 1, 2 Flexible sigmoidoscopy (FS) and colonoscopy could reduce CRC mortality by 41% and 68%, respectively. 3 Guidelines from Western and Asia Pacific countries have endorsed both tests for population-based CRC screening. 4, 5 It was recommended that CRC screening should be performed 5 yearly based on FS and 10 yearly based on colonoscopy starting from 50 years of age.
Colonoscopy is the predominant screening test in the United States, whereas FS is more commonly used in Australia and European countries. 6, 7 Although colonoscopy has been found to be cost-effective, 4 the provider and financial resources required are substantial. 8, 9 It could only be performed by specialists, and is relatively labor-intensive, expensive, and invasive. 8, 9 On the other hand, FS is an office-based procedure which is more acceptable, safe and can be performed by primary care physicians. 5 It has emerged as an attractive alternative to colonoscopy. 10 Previous studies have evaluated a few validated tools to predict the risk of advanced proximal neoplasia (APN), [11] [12] [13] [14] based on which an informed choice of colonoscopy versus FS could be made. However, all these risk scores require distal findings, which imply that they could not be used to tailor CRC screening among screening-naive subjects. A recent evaluation by Imperiale et al 15 based on 10,124 adults aged !50 years found that the risk of APN is a function of age and gender only, without an absolute need to incorporate distal findings. It was recommended from their study that women aged under 60 or 70 should be considered FS. Nevertheless, the authors suggested an explicit quantitative assessment of the incremental benefits, risks, and cost.
The primary objective of this study was to evaluate the cost-effectiveness of applying this age-and gender-based CRC screening strategy in reducing CRC mortality as compared with use of FS alone or colonoscopy alone. We also studied the resources and complications induced by these different endoscopy-based strategies.
METHODS

Decision Model Framework
This study adopted a similar methodology to that of a costeffectiveness analysis on CRC screening, 16 where recent studies also used similar assumptions or approaches. 17, 18 Based on a Markov process, a hypothetical population of 100,000 asymptomatic subjects aged 50 years was included in a decision analysis model. All subjects received 1 of the 5 different strategies and were followed up until the age of 70 years (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , based on the recommendations by Imperiale et al. 15 This is according to a recent consensus recommending that 75 years is a reasonable age to stop screening for both men and women. 5 The study was approved by the Clinical Research Ethics Committee of the Chinese University of Hong Kong.
The rationale of the following 5 strategies was based on the findings from Imperiale et al, 15 where women aged under 60 or 70 could be recommended FS. However, since the age limit where women should receive FS has not been clearly specified, we tested FS screening for women 5 yearly from 50 to 55 years (strategy 3); 50 to 65 years (strategy 4), and 50 to 70 years (strategy 5).
Strategy 1: FS as a primary screening test. This strategy offers each asymptomatic subject FS every 5 yearly at 50, 55, 60, 65, 70 years. If polyps are found, the subject will receive a colonoscopy.
Strategy 2: Colonoscopy as a primary screening test. This strategy offers each asymptomatic subject colonoscopy every 10 yearly at 50, 60, and 70 years.
Strategy 3: This strategy offers FS to each female subject every 5 yearly at 50 and 55 years. If polyps are found, the subject will receive a colonoscopy. If a colonoscopy finding is normal, FS is resumed after 10 years before aged 70. Each female subject aged 60 and male subject will be offered colonoscopy every 10 yearly up to 70 years.
Strategy 4: This strategy offers FS to each female subject every 5 yearly at 50, 55, 60, and 65 years. If polyps are found, the subject will receive a colonoscopy. If a colonoscopy finding is normal, FS is resumed after 10 years before aged 70. Each female subjects aged 70 and male subject will be offered colonoscopy every 10 yearly up to 70 years.
Strategy 5: This strategy offers FS to each female subject every 5 yearly at 50, 55, 60, 65, and 70 years. If polyps are found, the subject will receive a colonoscopy. If a colonoscopy finding is normal, FS is resumed after 10 years before aged 70. Male subject will be offered colonoscopy every 10 yearly up to 70 years.
In these 5 strategies, based on a published cost-effectiveness analysis, 16 we assumed polyps detected by colonoscopy are removed, and the screening participant will receive repeated colonoscopy every 3 years, until no more polyp detection. If a colonoscopy shows normal finding, it will be repeated after 10 years.
Transition Probabilities
We employed data from >10,000 Chinese subjects who were aged 50 years or older who underwent colonoscopy in the study period 2008 to 2014, in a population-based screening program for Hong Kong residents. More details could be found elsewhere. [19] [20] [21] We assumed the rate of compliance with colonoscopy was 98.9%. The overall age-adjusted rate of polypectomy was 43.5% (50.3% for male and 37.3% for female), cumulative over 20 years when the screening participants join the program at 50 years till 70-year old. The rate of bleeding (0.2%) and perforation (0.02%) was also based on observations from the cohort. Ten percent was assumed to be the mortality rate induced by bowel perforation. 22 Since the screening subjects were not offered FS, we made reference to published studies, 23, 24 where the sensitivity and specificity of FS was estimated as 75% to 80% and 60% to 90%, respectively. The specificity of FS refers to detection of polyps in the distal colon by the index FS but subsequent colonoscopy failed to detect a screen-relevant lesion. Our screening program also offered fecal occult blood tests but these were not taken into the present analysis as the strategies compared did not involve fecal tests.
Based on reports from the Hong Kong Cancer Registry, the age-stratified incidence of CRC of the Hong Kong population was estimated assuming no CRC screening was offered. 25 From a US study, FS was found to reduce the CRC incidence by 34%. 26 Moreover, colonoscopy screening could attain a 76% to 90% reduction in the incidence of CRC, as implied by a former study 27 From a published cost-effectiveness study, 16 the reduction in the incidence of CRC was discounted since a 10% noncompliance rate with screening was built in. Colonoscopy and FS could decrease CRC incidence by 54% and 29%, respectively. The compliance rate of FS was different than that of colonoscopy. Since our CRC screening program offered colonoscopy but not FS, we assumed compliance figures for colonoscopy from our program but that of FS from published literature.
The annual mortality rate of CRC was extrapolated from the Hong Kong Cancer Registry. 25 Patients with stage I and II CRC are managed by surgical procedures which aim to attain survival with no recurrence for a maximum period of 5 years. Stage III CRC patients are treated by surgery followed by adjuvant chemotherapy, with an estimated cure rate of 70%, and death rate of 30% due to CRC recurrence. Subjects with CRC at stage IV receive palliative treatment, and half of them require additional operation due to liver metastasis. 28, 29 It was assumed that those with CRC at stage III and IV receive FOLFOX and bevacizumab as detailed in a previous study. 16 The details of the chemotherapy treatments are also presented in Table 1 . 16 
Cost Estimates
We used the Hong Kong Government Gazette to derive all costs (in $US) 30 The components of the decision model consisted of screening cost; investigation costs; CRC staging; as well as costs incurred by treatment and hospital admission. In addition, we included the costs of admission for possible complications, like bleeding or perforation in endoscopic procedures (Table 2 ). Indirect costs were excluded for simpler analysis. Labor costs for daily hospital care and disposable instruments were considered in the hospitalization costs, while CT and PET scans, surgical procedures and consultations were taken into account separately. The average hospital length of stay (LOS) for surgical patients with CRC was assumed as 9 days. 31 Chemotherapy costs were only deduced for stage III and IV CRC patients. Among patients with CRC at stage IV, the choice of treatment and LOS are contingent on progression of diseases. Hence, we performed a sensitivity analysis where the maximum cost is US$100,000. The maximum LOS is 30 days. Furthermore, we assumed 50% of these subjects require liver resection, 28, 29 with a unit cost is $12,962. Overall, each patient incurs $6,481, without accounting for costs due to blood transfusions and follow-up visits. Expenditure items were discounted at an annual rate of 3%. 32 The Cost-Effectiveness Analysis Life-year saved was used to measure the effectiveness of CRC screening as a result of CRC prevention and better prognosis due to early diagnosis of CRC. It was measured by the difference in life-years lost arising from cancer-specific mortality between screening-present and screening-absent Markov modeling. We used the standard life table of Hong Kong to project life-years lost. 33 For premature deaths due to CRC, we accumulated the life-years lost based on age-specific proportions in each cycle throughout their expected lifetime. The incremental cost effectiveness ratio (ICER) among the screening strategies is the major outcome. It is quantitatively measuring the extra cost needed for 1 life-year saved, and is computed by dividing the difference in cost by the differentials in effectiveness among various screening methods.
Sensitivity Analyses
We performed 1-way sensitivity analyses in the modeling on the ICERs with respect to different screening strategies based on various variables. The specificity of FS ranged between 60% to 90%. 16 Furthermore, as differences in program compliance are relatively significant, [34] [35] [36] we assessed compliance rate in the range of 10% to 100%. 16 We also evaluated colonoscopy costs in the range US$100-US$1000. The cost of FS ranged from US$100-US$500. 16 A probabilistic analysis was performed by Monte Carlo simulation. All analyses and simulation of data were performed in the excel. Table 3 shows the outcomes of 5 screening strategies and no screening. With no screening, the cohort will have 2378 CRC cases with a total loss of 7720 cancer-related life years. The proportion of CRC cases prevented is the highest with strategy 2 (54.8%), followed by strategy 3 (50.4%), strategy 4 (45.8%), strategy 5 (44.9%), and strategy 1 (28.9%). Similarly, the lifeyears saved are the highest with strategy 2 (4226 years), but at a substantially higher cost. When compared with no screening, all 5 strategies lead to much lower costs of treatment at each CRC stage ( Table 3 ). The total number of colonoscopy procedures required (n ¼ 345,508), bleeding (n ¼ 691), and perforation (n ¼ 68) is the highest with strategy 2. When compared with no screening, the ICERs of strategy 1 to 5 are US$56,510, US$43,739, US$43,517, US$47,710, and US$42,515, respectively. Therefore, strategy 5 is the most costeffective strategy in the prevention and treatment of CRC (Table 4 and Figure 1) .
RESULTS
A sensitivity analysis was performed with varying FS compliance and fixed colonoscopy compliance (Supplementary Figure 1a , http://links.lww.com/MD/A753). With a reduced FS compliance rate, ICER rises indicating that extra costs are required for a life-year saved. Strategy 5 remains the lowest in ICER over FS compliance of range of 10% to 96%. Strategy 2 is more cost-effective beyond 96% FS compliance when the ICER of other strategies is greater than that of colonoscopy (represented by the gray area). In conclusion, if compliance with FS were very high, colonoscopy would be preferred. Otherwise, strategy 5 would be better.
The ICERs decrease with increasing specificity of FS from 60% to 90% at fixed sensitivity of FS of 75% (Supplementary Figure 1b, http://links.lww.com/MD/A753). Colonoscopy is more cost-effective when specificity is less than 73.2%. Strategy 5 performs the best beyond 73.2% as its ICER is the lowest; that is, out of the gray area. Similar trends were found in higher sensitivities of FS up to 80%. At the range of US$100 to $450 per colonoscopy (Supplementary Figure 1c CRC ¼ colorectal cancer; FS ¼ flexible sigmoidoscopy. Strategy 1: Both male and female subjects received FS every 5 years (50, 55, 60, 65, and 70 years); Strategy 2: both male and female subjects received colonoscopy every 10 years (50, 60, and 70 years); Strategy 3: FS for each woman at 50-and 55-year old followed by colonoscopy at 60-and 70-year old; male subjects received colonoscopy at 50-, 60-, and 70-year old; Strategy 4: FS for each woman at 50-, 55-, 60-, and 65-year old followed by colonoscopy at 70-year old; male subjects received colonoscopy at 50-, 60-, and 70-year old; Strategy 5: FS for each woman at 50-, 55-, 60-, 65-, and 70-year old; male subjects received colonoscopy at 50-, 60-, and 70-year old. strategy 2 as a primary screening tool. A wide range of deterministic sensitivity analyses around the base case showed that strategy 5 is the most cost-effective.
DISCUSSION
From this cost-effectiveness analysis based on real-life screening data and published literature, it was found that 10-yearly colonoscopy starting at aged 50 years was more costeffective than 5-yearly FS. However, screening all women by FS and all men by colonoscopy starting at 50 years was even more cost-effective than colonoscopy for both genders. FS screening for all women aged at 50 and 55 years followed by colonoscopy at 60 and 70 years, while screening all men by colonoscopy, was also more cost-effective than colonoscopy for all. These remain true when the level of compliance with FS is <96%; the specificity of FS is >73.2%, the cost of colonoscopy is >US$902; and the cost of FS is <US$275. Probabilistic analysis also supported this strategy. Although colonoscopy for all could render the longest life-years saved, the colonoscopy and polypectomy procedures required is prohibitively huge. Its use as a primary screening tool is challenged by the substantially higher number of bleeding and perforations compared to other strategies. These findings support the risk tailoring strategy proposed by Imperiale et al, 15 where FS could be considered sufficient screening among women aged under age 60.
We used a method similar to a cost-effectiveness study, 16 which concluded FIT as the most cost-effective test, and findings were similar in sensitivity analysis with different rates of compliance. At the year of Tsoi and colleagues' study, the recommendations by Imperiale and colleagues have not yet been released. Current studies on the cost-effectiveness of the various CRC screening modalities yielded mixed results. 26, [37] [38] [39] [40] [41] [42] [43] Some reported that screening based on FS was the most cost-effective, [37] [38] [39] whilst other studies found that colonoscopy screening had greater cost-effectiveness. 26, 40, 41 Yet one study reported that a hybrid method using yearly rehydrated faecal occult blood tests coupled with FS was amongst the most cost-effective. 42 Our study is novel and unique as it is based on age and gender, and the data were from observations from actual screening practices.
The cost-effectiveness of using this age-and gender-based risk stratification tool was found to be the highest in this hypothetical population of screening participants. 15 Imperiale and colleagues recruited 10,124 adults aged !50 years, with an average age of 57.5 years (SD 6.0) and were comprised of 44% women. The study population was derived from 2 companybased CRC prevention programs in Indianapolis, and included employees, retirees, and their dependents. The risk of APN increased markedly across the age categories (50-59 years: 1.47%; 60-69 years: 2.45%; !70 years: 6.64%). Among all subjects with no distal neoplasia, they found that men had nearly twice the risk of APN (relative risk ¼ 1.91, 95% CI: 1.32-2.77). The risk for APN was very low among women in the 50 to 59 years (0.85%) and 60-to 69-year-old age groups (0.88%) among those with no distal neoplasia. The Number Needed to Screen (NNS) to detect on proximal cancer was 3221 in women aged 50 to 59 years, and this figure decreased markedly to 853 in men aged <60 years. It has been proposed that this age and gender-based strategy could optimize screening efficiency and increase colonoscopy yield. Our study demonstrated the need for a cost-effectiveness study to explicitly quantify the benefits and harms among tailored screening strategies for these groups. Although colonoscopy had the lowest ICER in other situations with different compliance levels, specificity of FS and costs of tests, it is arguably not practical to use it as the primary screening test for every eligible subject in the population as reflected by the large number of colonoscopic Both male and female subjects received FS every 5 years (50, 55, 60, 65 and 70 years); Strategy 2: both male and female subjects received colonoscopy every 10 years (50, 60, 70 years); Strategy 3: FS for each woman at 50-and 55-year old followed by colonoscopy at 60-and 70-year old; male subjects received colonoscopy at 50-, 60-, and 70-year old; Strategy 4: FS for each woman at 50-, 55-, 60, and 65-year old followed by colonoscopy at 70-year old; male subjects received colonoscopy at 50-, 60-, and 70-year old; Strategy 5: FS for each woman at 50-, 55-, 60-, 65-, and 70-year old; male subjects received colonoscopy at 50-, 60-, and 70-year old.
procedures required. Our study findings therefore supported the strategy proposed by Imperiale et al, where FS could be used as an alternative to colonoscopy in women without loss of costeffectiveness. The screening strategy is especially relevant to resource-limited countries where colonoscopic resources are limited. In countries where colonoscopic resources are adequate, using colonoscopy as the primary screening tool can achieve the greatest life-years saved-but the potential complications including bleeding and perforations should be considered with caution.
There are several study limitations which should be mentioned. Firstly, the participants are self-referred and might not be representative of the general public. However, one might expect a high refusal rate if random sampling was used to recruit and select subjects for screening. Also, although we used actual data in the Markov models, some variables made reference to published studies due to the relatively short period (5 years) of follow-up of the screening cohort. For instance, the reduction of mortality due to colonoscopy was based on an observational study, 27 and studies in the United States, Canada, and Germany suggested that the reduction in mortality or incidence were almost entirely in the right colon. Furthermore, more conservative screening strategies may refer only 3% to 7% of patients with advanced distal neoplasia at index FS for colonoscopy follow-up, 44 and even lower proportions in subsequent FS screening tests. Another example is that a certain proportion of cancer polyps might only be treated with endoscopy but not surgery, and this may bear implications on the cost estimates. Similar arguments exist for the compliance rates for FS and colonoscopy, which might be relatively high when compared to other population-based screening programs. Also, since our modeling and cost estimates were based on CRC instead of advanced neoplasia (AN), the distribution of AN in subgroups might be more applicable in future modeling studies which compared strategies with AN as an outcome variable. Lastly, this study has not evaluated the cost-effectiveness of some hybrid strategies, like the combination of using fecal immunochemical tests (FITs) and FS. 42 In summary, this study highlighted the higher cost-effectiveness of implementing tailored CRC screening programs based on age and gender. These findings could inform physicians and policy-makers in triaging eligible subjects for risk-based screening-especially in countries with limited colonoscopic resources. Future studies should explore the acceptability, feasibility, and patient preference of receiving FS versus colonoscopy in various patient subgroups, and assess the benefits and costs of using other candidate feature for tailoring.
